High persistence (environmental degradation half-lives of several years or more) has important implications for the behavior of chemicals in the environment. Persistent chemicals are distributed widely, often globally, and reach (much) higher concentrations than short-lived chemicals emitted at the same rate. We illustrate these features of highly persistent chemicals using a unit-world environmental fate model. Over the last decades, persistent chemicals such as polychlorinated biphenyls and poly-and perfluoroalkyl substances have caused serious impacts on the environment and human health. We argue that high persistence should be given particular emphasis in chemicals assessment and management and that highly persistent chemicals should be regulated on the basis of their persistence alone (P-sufficient approach) Persistence is a common hazard criterion for chemicals enshrined in chemical 18 regulation worldwide. In this paper, we argue that the higher the persistence of a 19 chemical, the greater the emphasis that it should be given in chemicals assessment and 20 decision making. We provide case studies for three classes of highly persistent 21 chemicals (chlorofluorocarbons, polychlorinated biphenyls, and per-and 22 polyfluoroalkyl substances) to exemplify problems unique to highly persistent 23 chemicals, despite their otherwise diverse properties. We point out that many well-24 known historical chemical pollution problems were the result of the release of highly 25 persistent chemicals. Using evaluative modelling calculations, we then demonstrate 26 that if a chemical is highly persistent, its continuous release will lead to continuously 27 increasing contamination irrespective of the chemical's physical-chemical properties. 28
polyfluoroalkyl substances) to exemplify problems unique to highly persistent 23 chemicals, despite their otherwise diverse properties. We point out that many well-24 known historical chemical pollution problems were the result of the release of highly 25 persistent chemicals. Using evaluative modelling calculations, we then demonstrate 26 that if a chemical is highly persistent, its continuous release will lead to continuously 27 increasing contamination irrespective of the chemical's physical-chemical properties. 28 We argue that these increasing concentrations will result in increasing probabilities of 29 the occurrence of known and unknown effects and that, once adverse effects are 30 identified, it will take decades, centuries or even longer to reverse contamination and 31 therefore effects. Based on our findings we propose that high persistence should be 32 established as a sufficient basis for regulation of a chemical, which we term the "P-33 sufficient approach". We argue that regulation on high persistence alone is not over-34 precautionary given the historical problems that persistent chemicals (and now also 35 polymers) have caused. Regulation of highly persistent chemicals, for example by 36 restriction of emissions, would not only be precautionary, but would serve to prevent 37 poorly reversible future impacts. 38
Introduction 39
The persistence of organic chemicals has been an important element of chemical 40 hazard assessment for over 40 years [1] [2] [3] [4] . High persistence indicates the potential for 41 long-lasting environmental and human exposure to a chemical that is difficult to 42 control and reverse [5] [6] [7] . The importance of persistence is reflected by the persistence 43 (P) criterion in the PBT (persistence, bioaccumulation potential, toxicity) assessment 44 schemes used under the Stockholm Convention on Persistent Organic Pollutants and 45
in an increasing number of jurisdictions such as Australia, Canada, the EU, Japan, 46
South Korea and the US, and by the "very persistent" (vP) criterion under the EU 47
Since then, this point has been reiterated by several authors every 5-10 years 2,3,5,7,9-12 . 73
Our final conclusion from all of these analyses is that there may be chemicals whose 74 persistence is so high that it is sufficient alone as a basis for the regulation of these 75 chemicals. 76 Here we first present conceptual arguments that highlight the meaning of the 77 persistence of chemicals for the occurrence of exposure and, importantly, also risks. 78 We then use results from a multi-compartment environmental fate model to further 79 illustrate these arguments, and finally draw conclusions for the assessment and 80 management of highly persistent chemicals and in particular discuss the "P-sufficient" 81 approach that we introduce here. 82 83
Why persistence matters and what it means: the P-sufficient approach 84
Persistent chemicals are at the center of many of the most serious cases of 85 environmental contamination in the last 50 years. Examples are polychlorinated 86 biphenyls (PCBs) 11, 13 , chlorofluorocarbons (CFCs) 14, 15 , and per-and polyfluoroalkyl 87 substances (PFASs) 16 . These cases have been investigated in much detail; in Table 1  88 we provide an overview of the chemicals' persistence, production history and the 89 major issues that follow from their persistence. Importantly, the adverse effects 90 caused by persistent chemicals are not limited to health effects in humans and 91 wildlife, but also include physical and chemicals effects such as ozone depletion and 92 global warming. 93 94 If unexpected effects are caused by a short-lived chemical, it is possible to 117 rapidly cease environmental contamination by restricting or banning its use, which 118 then also means that no additional effects will be caused by that chemical. This is 119 exactly why short-lived chemicals that are released to the environment at high rates 120
should not be called "pseudo-persistent" or "semi-persistent". In such a case, high 121 levels in the environment are observed, but they are solely caused by continuous and 122 high emissions, not by any type of persistence of the chemical. 123
In contrast, in the case of highly persistent chemicals, it is not possible to 124 cease environmental contamination within a reasonable time frame by simply 125 restricting or banning their use. Environmental contamination by highly persistent 126 chemicals -and the effects related to this contamination-will continue for years to 127 decades. This poor reversibility of contamination is because highly persistent 128 chemicals are, by definition, difficult to degrade. This directly implies that highly 129 persistent chemicals will require high inputs of energy to remove them from the 130 environment, either through direct application of energy for the destruction of their 131 stable chemical bonds (e.g. incineration) or through methods to remove them from the 132 environment that require substantial energy inputs to drive their separation from 133 contaminated media (e.g. pump and treat: pumping water out of groundwater aquifers 134 and subsequent treatment with various technologies). Examples of the high costsabove. Importantly, removal or remediation is only feasible for a selection of 137 contamination hotspots, but not for the majority of the environment such as the 138 world's oceans. 139
It is logically incorrect to say that persistence merely indicates the presence of 140 a chemical in the environment. Persistence indicates an impactful causal relationship 141 that extends into the future: persistent chemicals that are present now will also be 142 present to a certain extent after a considerable number of years (e.g., 25% after 10 143 years if the degradation half-life is 5 years), and this fact is known already now with 144 100% certainty. They will undergo (long-range) transport in the environment, and 145 therefore an increasing number of organisms in many ecosystems as well as humans 146 will be exposed, including ones for which this was unexpected such as the Mariana 147
Trench in the case of PCBs. This includes not only chemicals that are volatile and 148 soluble in water, but also low-volatility chemicals with very high octanol-water 149 partition coefficient (K OW ) and octanol-air partition coefficient (K OA ), such as deca-150 BDE and heavy PCBs. 151
Furthermore, persistence indicates that certain thresholds for causing (often 152 unexpected) effects will be exceeded, and this can also be predicted with 100% 153 certainty. If a substance is persistent, and if emissions continue at a constant rate or 154 increase, the substance will attain higher and higher concentrations in the 155 environment. In this case, the risk quotient (i.e. PEC/PNEC ratio) also increases 156 continuously up to the point that the concentration exceeds the no-effect threshold 157 (see examples given in Section 3, below). In addition, persistence also indicates that a 158 long-lasting cause-effect chain is set into motion by today's uses and emissions of a 159 persistent chemical. Even if persistent chemicals are present at low concentrations and 160 do not (yet) exceed effect thresholds, they will still be present when, in the future, 161 other chemicals will be emitted so that there will be co-exposure that may cause 162 mixture effects. 163 164 In summary, the main concerns with highly persistent chemicals are: 165
1. The continuous release of highly persistent chemicals will lead to widespread, 166 long-lasting, and increasing contamination. 167 2. Increasing concentrations will result in increasing probabilities that known and 168 unknown effects occur, individually and/or in a mixture with other substances.
3. Once adverse effects are identified, it will be technically challenging, energy 170 intensive, and thus costly, to reverse the chemical contamination and therefore the 171 effects. These measures are limited to contamination hotspots, whereas, for most 172 of the environment, no remediation or clean-up will be possible. 173
In other words, it is not an unsubstantiated concern about the mere presence of a 174 chemical, but it is the much higher likelihood for particularly serious (widespread, 175 long-lasting) adverse effects associated with highly persistent chemicals -effects that 176
have The main model results are summarized in Table 3 ; several features of the 215 concentration-time curves of the different chemicals are illustrated in Figure 1 . 216 217 factor 74 , and a high bioaccumulation factor is an additional source of concern, but the 288 fundamental concerns related to high persistence are independent of any 289 bioaccumulation ("B") properties of a chemical. B is not a useful criterion for 290 protecting against poorly reversible effects because the residence time of highly 291 persistence chemicals in the environment is often much greater than their residence 292 time in humans and biota, which means that levels in organisms will be poorly 293 reversible regardless of the magnitude of B 7 . The irrelevance of environmental 294 partitioning with regard to regulation of highly persistent chemicals is reflected on the 295 regulatory side by two regulatory schemes that both focus on persistent chemicals, in 296 one case with high K OW (Stockholm Convention on POPs, K OW cutoff of log K OW > 297 5) 75 , and in one case with low K OW (the proposed PMT scheme, K OW cutoff of log 298 K OW < 4) 76 . 299 300 Policy implications of the findings. Based on the findings presented above, our 301 general proposal is that, in addition to existing chemical assessment schemes, high 302 persistence should be established as a sufficient basis for regulation of a chemical. 303
We call this the "P-sufficient" approach. Current chemical assessment schemes place 304 special emphasis on persistent chemicals only if other hazardous properties, such as 305 bioaccumulation potential and toxicity, are also present and, moreover, persistence issubstance as PBT or vPvB automatically requires the registrant to carry out an 308 estimate of emissions, to identify and implement measures to minimize emissions, to 309 indicate in the safety data sheet (SDS) that the substance is PBT/vPvB, and to 310 communicate measures for minimizing emissions to downstream users via the SDS. 311
However, if a chemical is identified as P or vP, but neither PBT nor vPvB, there is no 312 requirement to estimate and mitigate emissions nor any requirement to consider future 313 continuing emissions in the risk assessment. This is a gap in the current European 314 chemical assessment and management schemes given that, as stated above, the risk 315 quotient will continue to increase for a long time for P and vP chemicals if emissions 316 continue. As far as we know, the same deficiencies exist in all international chemical 317 regulation schemes because high persistence in itself is not used as a trigger for 318 regulation in any jurisdiction. 319
The P-sufficient approach means that high persistence is sufficient for a 320 SVHC dossiers of these substances shows that a range of different data have been 335 used for the determination of vP properties. In several cases, simulation tests and field 336 dissipation studies were available (UV absorbers, anthracene oils, short-chain 337 chlorinated paraffins, some of the long-chain perfluorocarboxylic acids). These were 338 often complemented by negative results from tests for ready or inherent 339 biodegradability. In other cases (PFHxS, long-chain PFCAs, D6), read-across fromone case (deca-BDE), the formation of highly persistent transformation products was 342 used as a reason why the substance was classified as vP. In the same way as for the 343 current vPvB determinations, all these types of data can be used under the P-sufficient 344 approach. If read-across is not possible, simulation tests or field dissipation studies 345 may have to be performed, but this can be done under existing test guidelines. The 346 formation of highly persistent transformation products will also be an important type 347 of evidence, in particular for many PFASs that have reactive endgroups and will form 348 -highly persistent -PFAAs in the environment. In contrast to this approach, the key point of the P-sufficient approach is that this 370 evidence of some type of effect should not be required to be demonstrated explicitly 371 (see the reasoning provided in section 2): because the possible effects cannot be 372 predicted with sufficient reliability and remain incompletely known or entirely 373 unknown, P alone should be used as a sufficient indicator that serves as a proxy foris considered an application of the precautionary principle 5,78,79 . The precautionary 376 principle states that, "where there are threats of serious or irreversible damage, lack of 377 full scientific certainty shall not be used as a reason for postponing cost-effective 378 measures to prevent environmental degradation" 80 . 379
A problem with the implementation of the precautionary principle has been 380 that the call for action based on limited evidence is often considered over-cautious. 381
However, the empirical evidence that has accumulated over the last decades shows 382 that it is not over-cautious if the use of persistent chemicals is restricted or regulated. 383
When the known cases of highly persistent chemicals are considered, it shows that 384 many of them have caused serious environmental impacts. Accordingly, there is a 385 very high likelihood that additional highly persistent chemicals will also cause some 386 kind of relevant environmental impact. Therefore, regulating highly persistent 387 chemicals on the basis of their persistence alone may well be called an act of 388 prevention, not just of precaution. In other words, it is entirely rational and 389 empirically well founded to take very high persistence seriously as a proxy of 390 unwanted environmental impacts and to base preventive action on it. 391
There are also persistent chemicals that exert relatively low toxicity according 392 to current knowledge, such as trifluoroacetic acid (TFA) 81 . The point of the P-393 sufficient approach is exactly that also highly persistent chemicals for which the 394 currently known toxicity is rather low should be flagged and considered for 395 regulation. As outlined above, it is well possible that unwanted effects occur at a large 396 scale if such a chemical enters the environment, is distributed widely, and leads to 397 continuously increasing environmental and human exposure. The evidence available 398 from the last 50 years shows that this is not just a hypothetical possibility, but a highly 399 likely outcome. 400
Similarly, the P-sufficient approach is also suitable for synthetic polymers, 401 which are (very) poorly degradable by their very nature. Many high molecular weight 402 synthetic polymers have traditionally been treated as of low concern under chemical 403 assessment and management schemes due to their low bioavailability. However, as 404 elaborated above, once released, (unexpected) adverse effects by such highly 405 persistent chemicals may not only be biological effects, but also be physical or 406 chemical effects. In the case of high molecular weight synthetic polymers, an 407 increasing number of wildlife mortality by entanglement or ingestion of marinebreak down into many smaller pieces (i.e., microplastics), which is another issue of 410 emerging concern 83,84 . The P-sufficient approach is also in line with the recent call of 411 classifying plastic waste as hazardous 85 
